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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

FREE-FLIGHT AERODYNAMIC-HEATING DATA AT MACH NUMEERS
UP TO 10.9 ON A FLAT-FACED CYLINDER

By Williem M. Bland, Jr., Andrew G. Swanson,
and Ronald Kolenkiewicz

STMMARY

A five-stege rocket-propelled model has been flown up to a Mach num-
ber of 10.9 and a corresponding free-stream Reynolds number of 6.57 X 106,
based upon nose dleameter. Maximum Mach number was attained at an altitude
of 49,300 feet as the model flew along a reentry-type trajectory at nearly
zero angle of attack. Temperatures were measured at 16 stations on the
inside of a flet-feced cylinder mede of copper. Maximum temperatures of
1,085° F and 820° F were measured inside the flat face and the cylindrical
gides, respectively, at the end of the test. Aerodynamic-heating rates,
derived from the temperature measurements and corrected for conduction
effects, reached s maximum value of about 495 Btu/(sec)(sq £t) on the
flat face (near the corner) and less then 170 Btu/(sec)(sq £t) on the
cylindrical sides.

Experimental aserodynamic~heating rates nesxr the center of the flat
face, though generally lower, veried sbout the same as that predicted by
e theory for equilibrium-dissocleted laminer flow as the Mach number
increased. The experimental heating rates increased as the corner was
epproached with the rate at the temperature meassuring staiion nearest the

corner for which heat-transfer data could be obtained being almost 1;2'- times

the rate near the center of the flat face. On the cylindrical sides of
the nose, well downstream of the cormer, the heating retes were low and
sppeared to agree fairly well with theoretilcal values for leminer flow.

INTRODUCTION

The problems assoclated with aserodynamic heating of bodles moving
at supersonic end hypersonic speeds are currently being investigated by
the Langley Pllotless Alrcraft Research Division by means of technigques
that utilize rocket-propelled models in free flight. Results of some
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recent flight tests during which aerodynamic heating wes measured on the
noses of falrly slender bodies of revolution are reported in reference 1
at Mach numbers up to 10.%4, in reference 2 at Mach numbers up to 9.89,
and in reference 3 at Mach numbers up to 15.5. Other flight tests have
been conducted to investigate snticipated benefits of nose blunting (as
discussed in ref. 4) in reducing the aerodynamic heat transferred to
noses. Results of some of these tests are presented in reference 5 at
Mach numbers up to 1%.6 and in reference 6 at Mach numbers up to 6.7.

A perfectly flat nose (flat-faced cylinder), which is an extreme case
of blunting, was tested as reported in reference 7 up to & meximum Mach
number of 13.9 at an altitude of 81,500 feet where the free-stream
Reynolds number was 1.60 X 106, based upon the nose diameter.

The present report presents results of a flight test of another
model with a flat nose of similar size and construction as that of ref-
erence T. The test was made wlth the same five-stage rocket system
used for the tests of references 3, 5, and 7, but was made along a
reentry-type trajectory that resulted in lower altitudes at the time of
meximim Mach number. This trajectory resulted in & maximum Mach number
of 10.9 at an a.ltitu%e of 49,300 feet where the free-stream Reynolds
number was 6.57 X 10°, based upon nose dlameter.

The £light test was conducted at the Langley Plilotless Aircraft
Research Station at Wallops Island, Va., on June 19, 1957. The fourth-
stage rocket motor (JATO, 1.52-KS-33,550, XM19 "Recruit").used in this
investigation wes made available by the U. §. Air Force.

SYMBOIS
Anga cross-sectional area between elements n and n + 1, sq £t
unless otherwldge specified
An-1 cross-sectional aree between elements n and n - 1, sq £t
unless otherwlise specified -
Ap cross-sectional area of plpe support, sq ft -
R speed of sound at stagnation point, ft/sec
e specific heat, Btu/slug-°R
g acceleration due to gravity, 32.2 ft/sec?
er V2

h enthal: L Btu/ib
B T el /
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J mechanicel equivalent of heat, 778 £t-1b/Btu

k thermsl conductivity, Btu/(ft)(sec)(CR)
lns+l distence between thermocouple locations of elements n sand

n + 1, £t unless otherwise specified

ln-1 distance between thermocouple locations of elements n and
n - 1, £t unless otherwise specified

113.1k distence between thermocouples 13 and 14, ft

113 d.iszance from forward end of pipe support to thermocouple 13,

M Mech number

Nie Lewls number

Nyu Nusselt number

Ng+t Stenton number

Npr Prandtl number

q heating rate, Btu/(sec)(sq ft)

e} chenge in q due to heat losses through pipe support,
Btu/(sec) (sq £t)

rn radial length to thermocouple n, £t

Tm,p meen radius of pipe support, ft

R nose radius, 0.2135 £t (2.5625 in.)

Ra Reynolds number based on free-stream conditions

Rg Reynolds number based on local conditions and momentum thickness

Sn surface ares exposed to alrstresm of element n, sq £t unless

otherwise sgpecified

t time, sec



Subscripts
a

n

t,th

T.C.

NACA RM 157K29

temperature, °R or °F
velocity, ft/sec

ambient acoustic velocity, ft/sec

distance along surface of nose starting at stagnation point, ft

velocity gradient at stegnetion point, l/sec

boundary-leyer momentum thickness, ft
density, slugs/cu ft
thickness, ft

end abbreviastions:

serodynemic heating (date corrected for lateral heat flow)
element or thermocouple number

local flow conditions at stagnation point

pipe support

local flow conditions at stagnation point based on wall
temperature

stagnation point
theoretical stagnation point
thermocouple

wall or skin

one dimenslonal

free stream



NACA RM 157K29 g 5
MODEL, INSTRUMENTATION, AND TEST TECHNIQUE

Model

The model, as shown in figure 1, was a body of revolution 63.50 inches
long having-a flat nose, a stepped cylindrical midsection, and a conical
frustum with a total angle of 20° at the tail.

The 5.125-inch-diasmeter nose, shown in detail in figure 2, was
machined from electrolytic copper. The nose was nominslly 0.200 inch
thick along the flat face and 0.133 inch thick along the cylindrical
sides. Inside the nose was a steel radiation shield that protected the
instruments and telemetering equipment from radiation from the hot nose
wells. The shield Joined the rear of the nose through an insuleting
Micarta support. A short steel pipe projected forward from the front
of the rediatlon shield to provide additional support for the front face
of the nose when the copper beceme hot. At ambient sea-level conditions,
the pipe did not touch the inside surface of the front face, but was
separated from this surface by a 0.020-inch-~wide alr gap. Late in the
test, when the front face became hot end deflected slightly under the
airload, 1t touched the pipe which gave additional support to prevent
further deflection.

The forward cylindrical midsection of double-wall construction
housed most of the telemetering equipment. A short conical frustum,
haeving a total angle of 20°, connected the forward cylindricel section
with the larger rear section which contained the f£ifth-stage rocket
motor.

Staebilization of the model was achleved by a conicel frustum hsving
8 total angle of 20° attached to the rear of the model. In addition to
stablllzing the model, the frustum elso served @s an extension to the
rocket-motor nozzle.

All external surfaces of the model were polished. Measurements
indicated an average surface roughness of about TO microinches across
the flat face and about 40 microinches along the cylindricel surfaces of
the test nose. Photographs of the nose and of the complete model are
presented in figures 3 and 4, respectively.

Instrumentation

Measurements by 18 thermocouples and 4 accelerometers were transmitted
during the flight test by a six-channel telemeter. The thermocouples were
mede of no. 30 gage chromel snd alumel wires which were beaded together
into balls that were peened into small holes in the inner surface of the

'

I
r'd

o
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copper nose at the positions indlcated in figure 2. Distances from the
stagnation point to each thermocouple and the wall thickness measured at
each thermocouple station are also presented in figure 2.

Three constant voltages and the outputs of each of six thermocouples
were commutated and transmitted on one telemeter chennel at rates of about
6 times per second snd 12 times per second, respectively. On another
telemeter channel, three constent volteges and the outputs of 12 thermo-
couples were commutated and transmitted at rates of about 6 times per sec-
ond. The constent voltages were chosen to be equivalent to the lowest,
middle, and highest temperatures anticipated in order to serve as an
Inflight calibration of the thermocouple-telemeter systems.

Each of the remsining four telemeter channels was used to trensmit
continuous measurements of one of four accelerometers; two measured longi-
tudinal accelerstion, one measured transverse accelerstlon, and cne meas-
ured normal acceleration. These accelerometers were calibrated in
standard earth gravitstional unlits for the following ranges in which the
positive values indlcaete thrust or positive force acting on the model:

One longitudinsl sccelerometer, g units . . . . . . « . . . =25 to 140
One longltudinel accelercmeter, g units . . . . . . . . . . =100 to 140
Transverse and normal accelerometers, g units . . . « . . . -25 to 25

Other instrumentation consisted of ground-based radax units for
measuring model velocity and for obtaining the position of the model in
space. The veloclty measuring unit trecked the model for the first
30 seconds of the flight. For times thereafter, veloclty was obtained
by differentisting range data and Integrating the longitudinsl-
accelerometer measurements. Atmospheric conditions and wind data were
measured to sn altitude of 103,000 feet by a rawlnsonde carried sloft
by & balloon which was tracked by a modified radar unit. These meas-
urements were made at the altitude of the hypersonic portlon of the
flight within approximstely 30 minutes of the flight.

Test Technique

The desired performance wes attained by using a five-stage propul-
sion system consisting of solid-fuel rocket motors. The model, which
conteined one of the rocket motors, and the four booster stages are shown
in figure 5 as they appeared Just after take-off from the launcher. Char-
acteristics of the rocket motors employed during the flight test are pre-
gsented in table I.

The model-booster combination waes launched at an angle of T3° above
the horizontsl. The first two stages, in delsyed sequence, were used to
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propel the remsining stsges along a bellistic trajectory that reached a
pesk altitude of spproximately 92,500 feet. Coasting f£flight continued
after peak altitude until a preset: timer ignited the third-stage rocket
motor at 97.04k seconds. At this time, the flight-path angle was 33°
below the horlzontel. After the third-stage rocket motor burned out,

the model end attached booster stages coasted for about 6-;2 seconds so

that the maximm velocity portion of the f£light test would occur at low
altituded. The last two stages were fired in rapid sequence to accelerate
the model to the meximum Mach number at an asltitude of 49,300 feet.

DATA REDUCTION

The serodynamic-heating rate at each tempersture messuring station
was obtained by first meking a one-~dimensionel thick-wall enelysis with
the method of reference 8. For the present anslysis, a constant value
of wall specific heat was assumed, the vaelue used being that for a tem-
perature midway between the hlighest and lowest measured temperatures for
each station. (The use of a constant specific heat should introduce
small error in the data.) Time histories of the inside wall temperatures
(obtained from faired curves through the measured data points) were used
to compute time histories of the outside well temperastures. These com-
puted outside wall temperatures were then used to determine a heaet input
. to the wall. Values of the heating rate thus obtained by the one-
dimensional ansaelysils were further corrected for the lateral heat flow
caused by the temperature gradients along the skin and for heat flow into
a pipe support behind the flat face to give the serocdynemic-heating rates.
Radlation losses have been estimsted to be negliglble and have, therefore,
been neglected.

This method of date reduction assumes that the lateral and pipe-
support heat flows do not affect the tempersture gradient through the
skin (that is, that the independent heat flows calculated can be super-
imposed). Except nesr the corner, this assumption is believed to be
reasonsbly velid and to introduce negligible error. Corner effects are
discussed subsequently.

Celculstions of the lateral-heating-rate values were cerried out in
g msnner similsr to that applied in reference T, that is, the nose was
divided into annuler elements, one for each thermocouple position, end
it was assumed that the tempersture of each element was that of the
Included thermocouple. The following relation wes used to-calculate the
aerodynamic-heating rate to any element n except for elements 2 and 3
where additional correctlons were needed: .
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I kAngel Tn - Tnea . kAn.1 Tp - Tn-1 (1)
la 1-D Sn lnsd Sn in-1

Evaluation of An.j, An+l, Sn, ln-1, and Ipgl 18 straighforward

except in the region of the corner. Here the presence of severe laterel
temperature gradients and question as to the vallidity of the one-
dimensionel snalysis meke rather dubious the superposition of the inde-
pendent heat-flow calculations. Combined with a marked sensitivity of
lateral-heat-flow corrections to relatively small changes in assumed
block errangements, this renders great uncertainty to results obtalned
in the corner by this method. For completeness, however, A, S, and 1
for one assumed block arrangement are presented for all stations in the
following table, and these values were used to obtain the results pre-
sented in this report:

n | Ap-1, 8@ in. | Api1, 8¢ in. | Sp, 8q in. | Ip.1, In. | ipy3, in
1 0.314 0.314 0.196 0.625 0.375
2 .31k O42 1.571 375 .500
3 942 1.571 3.142 .500 .500
L “1.571 2.262 5.270 .500 .600
5 2.262 2.796 5.3T4 .600 . 250
6 2.796 3,860 5.076 .250 .350
7 3,860 2.086 10.868 .350 .250
8 2.086 2.086 4.83%0 .250 . 350
9 2.086 2.086 7.648 .350 .600
10 2.086 2.086 12.881 .600 1.000
11 2.086 2.086 20.528 1.000 1.550

The temperatures forming the forcing functions for the lateral-
hest-flow terms in equation (1) were assumed to be the mean temperatures

through the wall as expressed by

T - T
Tmean = Tinside + ou:tsid.e3 inside (2)

Equetion (2) is exasct for a ramp-type heat input.
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Other corrections +to the heating rates at temperature measuring
statlons 2 and 3 were necessary to sccount for heat flow into the pipe
support whenever the front face deflected enough to touch the pipe. This
flow was accounted for by the following equations:

(peT)plnry o am kpAy Ti3 - T11:
Aqp = P 113( d:) - 5 Cz (3)
2 13 “13-1k 2
[ (oer).on Trx - Top ]
pecT r -
P R o S e T L
where -
_ T
- To + 'I'3
and
T
Tr + T3

The first term within the brackets of equations (3) and (4) represents
the portion of the heat flow that raised the temperature of the pipe at
the forward temperature measuring station, snd the second term represents
the heat flowing from the first to the second temperature measuring sta-
tions. The terms within the brackets ere modified by C, and 03 which

proportion the quantity of heat supplied to the pipe by each block.

Thils method underestimstes the heat flow Into the pipe somewhat since
it neglects some of the heat stored in the region between the front end
‘of the pipe support and the forward thermocouple {because of the probable
exlstence of higher temperatures at the forward end of the pipe than at
the forward thermocouple). The amount of heat stored in this manner is
expected to be smell. A straight-line extrapolation of the tempersatures
at the two temperature measuring stations on the plpe to the forward end
of the pipe support was also used to estimate the heat flow down the pipe.
Results obtalned were similar to the ones obtalned by the present snalysis.
The maximum correction to the heating rates because of heat flow to the
plpe was 4.4 percent at station 2 and 6.8 percent at station 3.
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ACCURACY .

The measured temperstures are believed to be accurate within 1 per- )
cent of the full-scale range of the thermocouples. Therefore, any tem-
perature measurement is belleved to be accurate to within +24° F. Values
of the one-dimensional heating rate are believed to be accurate to within
+5 percent on the flat face and +15 percent on the cylindrical sides during
periods of high heating rate. The accuracy of the calculated leteral-
conduction heating-rate values 1s not known; however, at the temperature
measuring statlons where the conductlon correctlons are small, large
errors in conduction heating rate would have a small effect on the magni-
tude of the serodynamic-heating rate. For tempersture measuring statlons
near the cormer of the nose, the celculated latersl-conduction corrections
were large and were subject to considerable varlation in masgnitude. There,
chenges in megnitude were dependent upon the perticular physical param-
eters used In computing the latersl-conduction hestlng rate; thus,
aerodynemic~heating rates for the corner reglon could be in considerable
error and are not presented herein. The possible error in Mach number et~ — —
the time of third-stage ignition 1s estimeted to be about #0.l. Because
of the method used to obtaln velocity after ignitlion of the third-stage .
rocket motor (integration of the longitudinal-accelerometer measurements),
the possible error in Mach number sccumuleted to the end of the flight
test. This error 1n Mach number amounted to about +0.7 between the time
of ignition of the third-stage rocket motor and the end of the flight.
Therefore, the Mach number at the end of the test is estlimated to be
accurate within #0.8. In view of the comsistency of velocity increments
obtained from trajectory computations using estimated dresg and rocket-
motor performence with those obtained from comparable rocket motors of
the model reported herein and those of references 3, 5, and 7, it is
belleved that the Mach numbers quoted 1n thils report are more accurate
then the aforementioned 0.8.

RESULTS AND DISCUSSION

Flight Test

Flight-test datae were obtalned as the model went along the trajectory
shown in figure 6. Times of significant events are indicated on the tra-
jectory. Performance of the model and atmospheric conditions along the
flight peth as measured by the rawinsonde are presented as functions of .
time in figures 7, 8, and 9. A maximum Mach number of 10.9 was sttalned
at an altitude of 49,300 feet as the model flew along a reentry-type tra-
jectory that was inclined about 38° below the horizontal at the time of
meximum Mach number. At the time of meximum Mach number the free-stream
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Reynolds number was 6.57 X 106, based upon body dlameter. The Reynolds
nunber based upon the momentum thickness st the most outboard station on
the flat face Ry was 202. (The Reynolds number based upon the momentum

thickness was calculeted by the approximstion Rg = 0.66L\f§ (ref. 9)

vhere R is the integrated Reynolds number. The calculated pressure
distribution for M = 1.5 <£from ref. 10 was used to calculate the inte-
grated Reynolds number.)

Wall Temperstures

Time histories of messured inside well temperatures at several meas-
uring stations on the nose are presented in figure 10 for the time interval
between 101.0 and 110.3 seconds. The curves presented are fairings through
the measured data points. These data points were no more than +20° R away
from the faired curve (except for a few isolated points) and were generally
less then £5° R away from the faired curve. Temperatures picked off the
faired data curves at each temperature measuring station are presented at
0.2-second Intervals in table II. The measured wall temperatures increassed
rapldly at the end of the flight test to maximum values of 1,085° F at
tempersture meesuring station 5 (x/R = 0.820) on the flat nose and 820° F
at temperature measuring station 7 on the cylinder. Maximum rates of tem-
perature rise at these stations were 428° per second and 328° per second,
respectively.

From 107.7 seconds to 108.8 seconds (most of the interval of fourth-
stage rocket-motor firi_ng) , the temperatures were not commutated because
of a temporary mslfunction in the switching mechanism. Date presented
for this interval were obtained by Joining measured temperstures on elther
side of the interval with a faired curve. These falrings, through neces-
sity, were somewhat srbitrary, bubt were tempered by meking them vary in
sbout the same menner as the tempersture did at the temperature measuring
station on which the switching mechanism stopped (tempersture measuring
station 1).

A computational method of reference 8 was used to calculste the tem-
perature difference through the well material so that the outside wall
temperature, presented for several stations in figure 11, could be deter-
mined. Maximum temperature differences through the corner wall were .
found to be 55° R through the 0.200-inch~thick flat nose and 28° R through
the 0.133-inch-thick copper on the cylindrical sides.
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Hegt-Transfer Deata

Values of the heating rate have been comguted by the one-dimensional
enalysis of reference 8 (as discussed in the Data Reduction" section of
this report) at each temperature measur station except at those sta-
tions immedistely adjacent to the corner (stations 6 and 7). The heat-
flow mechanism 1n this region is believed to be too complex to be properly
represented by the one-dimenslonel anslysis. Time histories of the com-
puted heating retes are presented in figure 12. Data points shown in
this figure represent values that have been computed from the one-
dimensional analysis. An idea of the accuracy of these heating rates can
be obtained by comparing the deta points with the curve failred through
these points. Most of the data points agree with the faired curves within
5 Btu/(sec)(sq £t) which amounts to & difference, when the heating rates
are highest, of about 2 percent on the f£lat portion of the nose and about
+10 percent on the cylindrical portion. The distribution of the mean tem-~
perature across the flat nose and on the cylindrical sides 1ls presented
in figure 13 at selected times. From the temperature distribution, it
is possible to observe by the msgnitude of the temperature gradients that
the conduction effects should be small at the earliest times for which
date are presented, increase with Mach number (and time), and be largest
in the region of the corner. These observations are borne out by the
results presented in figure 12 which shows a comparison between the one-
dimensionel heating rates and serodynamic-heating rates (the greater the
difference between the curves the greater the lateral-conduction effects).
The large effect and erratic behavior of the lateral conduction at sta-
tion 8 probebly result from incorrect mean temperatures at station 7
which stem from the inability of the one-dimensional snsalysis to cope
with the heat flow in the reglon of the corner. Therefore, it is sug-
gested that the aerodynsmic-heating data presented for station 8 be
treated as qualitative data.

During the times when the hesting rates are high (after 108.8 seconds),
the lateral-conduction corrections, except near the corner, are probably
fairly accurate and any inaccuracies would probably not heve significant
effects on the overall plcture. Before reaching 107 seconds, when the
heating rates are low, the possible Inaccuracles of the temperature mesg-
urements and the corrections lend sufficlent uncertainties to meke the
aerodynemic-heating rates qualitetive in nature.

Heat flow to the plpe support, which started after the front face
made contact with the pipe at about 108.8 seconds, can be seen to have
falrly small effect upon the serocdynemic-heating rates in figure 12.
Contact between the front face, which was hot, and the pipe was sighslled
by an abrupt increase in the tempersture of the forward end of the pipe.
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At the end of the test, the highest heating rate was found to be at
temperature measuring station 5, which was located 0.82 of the distance
from the stagnation point to the corner. However, this may not be the
station of highest heating since the one-dimensionsl analysis supplied
to the date was not considered applicable at station 6, which was located
nearer the corner.

Measurement Repeatabllity and Effects of Angle of Attack

Some idea of the repeatebility of the measurements and the effects
of angle of atteck can be obtained from the measured inside temperstures
and one-dimensional hesting rates presented in figures 14 and 15. In
figure 14, temperature measurements and one-dimensionel heating rstes
are presented for four temperature measuring stations on the flat nose
equidistant from the center of the nose, but located 90° gpart. Figure 15
contains tempersture messurements and one-dimensionel heating rates for
two tempersture measuring stations that were located the same axlial dis-
tance behind the corner, but on opposlte sides of the cylinder. In each
of these figures the temperature measuring station merked "a" is located
in the main line of thermocouples that starts near the center of the nose,

crosses the flat nose, and extends along the cylinder.

In genersl, the messured wall temperatures and the one~dimensional
heating rates at the four stations on the flat face show the seme trends
and levels. The temperature at statlon ¢ is shown to be higher than the
temperature st the other stations during the last part of the test, but
only during the interval when the temperatures were not measured -

(t = 107.7 seconds to t = 108.8 seconds) do the faired curves differ
enough to epprosch the magnitude of the quoted possible error. The one-
dimensional heating rates on the flat nose are in falrly good sgreement
with one another. At the end of the test, differences between heating
rates were of the order of the estimated asccuracy.

On the cylinder, the measured temperstures and hesating rates through-
out most of the test were highest at tempersture measuring station b.
The differences noted in temperstures were sbout twice the size of the
estimated poseible exrrors.

From thils dlscussion, it appears that effects, 1f any, of angle of
attack on the heeting of the front of the flat nose are submerged in the
possible error of the measured temperatures end, thus, caen be conslidered
to be smell. On the other hand, the differences observed in measured
temperatures and one-dimensionel hesting rates at dlametrically opposite
temperature measuring stations on the cylinder are large enocugh to be
studled In conjunction with the estimsted angle of attack.
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The angle of attack was not measured directly during the flight test;
however, measurements made of accelerations aslong axes 90° apart in a plane
normael to the longitudinal axis of the model made it possible to calculste
the megnitude and dlrection of the force coefficient in & plane normal to
the longitudinal axis. Results of these calculations combined with an
estimated normsl-force slope of 0.0709 per degree (as used in ref. T),
which 1s assymed to be linear at small angles of attack, Indicate a trim
angle of attack of about 1.1° with superimposed oscillations of sbout
+0.9°, Thus, meximum angles of attack of about 2.0° are estimated to
have occurred during the flight of the model (et times after 109.03 sec-
onds). The angle of attack was zero for the earlier part of the flight
test. During the time that the model was at an angle of attack, it was
also apparently rolling in a random menner that resulted in placing the
temperature messuring stations on the cylinder on the windward (high
heating) side at various times for very short periods of time, thus
making it Impossible to ssy that the difference in temperature and one-
dimensionel heating rate was due to the estimated angle of attack.

A possible explesnation for the difference in heatling on the sides
of the cylinder concerns the manner in which the flow reattaches down-
stream of the flat nose (around the corner); that is, an unsymmetrical
reattachment pattern caused by an unsymmetricel nose or unsymmetrical
flow (emall angle of attack) could possibly cause differences in heating
on the sides of the cylinder.

Comparison of Measured and Theoretlcal

Stegnation-Point Heating Rates

The serodynemic-heating rates (one-dimensional heating rates corrected
for lateral heat conmduction) near the center of the flat face (tempersture

measuring station 1) are compared in figure 16 with theoreticsl stagnation-

point heating rates predlcted for laminar flow for a real gas by the method
of reference 11, which assumes equilibrium dissociation in the boundary
layer. The theoretical values were obtained by evaluating the expression

N o u(i‘-‘i)
8rs
Nu dx 2(hy - hg)

\ﬁi; NPr,s '

Q=
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where
0.4
Ny _ 0.67 Polo
\ﬁ\; Pghg
for
Nie =1
and
Npy = 0.71

Parameters dependent upon wall temperature were evaluated at the outside
well temperature at temperature measuring station 1.

As In reference T, the flow properties were obtained by applying the
perfect gas relations of reference 12. Values of the viscosity of air
were obtained from the Sutherlend relstion which has been shown, as dis-
cussed in reference 11, to make sultable predictions at temperatures below
16,200° R. The nondimensionel rste of change of veloclty at the stagna-

tion point -5—(%) = 0.3, as discussed in the appendix of reference 7,
0 (o]
was obtained from a calculated pressure distribution for a Mach number

of 1.5 (ref. 10). For the calculstions in the present report, :a %‘%)
o o

was assumed to be invariant with Msch number.

A comparison of experimental results with theoretical values in fig-
ure 16 shows good sgreement through & large portion of the test. During
the early pert of the test (before 107 seconds) when the Mach numbers
were relatively low and the aerodynemic heating was low, the somewhet
erratic behavior of the experimentel results was probably due to the
uncertainties in the temperature measurements and in the conduction cor-
rections. During the time of the test when the Mach number was high,
the experlmental heasting rate increased about the sasme as that predicted
by theory, but at a somevwhat lower level. Differences between experiment
and theory of about the same msgnitude were elso noted In reference T.
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Messured and Theoretlcal Heating Rates
Over Front and.Side of Nose

Variations of the ratio of local aerodynemic-heeting rates to theo-
retical stagnation-point heating rates (ref. 11) with location on the
nose are presented in figure 17 for several selected times. Before a
time of 109 seconds, the variation across the flat face is irregular
because of the previously mentlioned uncertainties Iin the data, but after
109 seconds (when the heating rate was high) the local heating rate gen-
erally increesed as the corner wes approached. Also, the local heating
rates Inboard of station x/R = 0.65 were less than those predicted for
the stegnation point by the theory of reference 11. The date presented
include the effects of the pipe support on the two statlions affected by
thils heat loss (x/R = 0.195 and x/R 0.390). Reasonably large changes
in heat loss to the support have little effect upon the magnitude of the
data, thus Indicating that the presence of the plpe support had little
effect on the data.

Ratios of local heasting rates to stagnation-point leminar heating
rates have also been calculated by the methods of references 13 and 14
for conditions existing at M = 1.5 and by the calculated pressure dis-
tribution (M = 1.5) presented in reference 10. These ratios, included
in figure 17(a), show an increase in heating rate as the corner is
approached that is much the same as that exhibilted by the experimentsl
data at Mach numbers gresaster then 10.0.

It should be noted that the mesgnitudes of the ratios calculated by
the methods in references 13 and 14 should not be compared with ratios
made up of the experimental heating rates and the theoretical stagnation-
point values computed by the method of reference 1l. However, it 1s
belleved that the variations of these ratlos across the flat face are

comperable.

Since the aerodynemic-heating rate near the center of the flat face
showed good agreement with values predicted by leminar theory (ref. 11)
and the verietion across the face was about the same as that predicted by
other laminer theories (refs. 13 and 14), 1t seems reasonable to believe
thet the flow was laminar on the flat face; this was true at least as
close to the cornmer as station x/R = 0.82 which was the most outboard
position on the face for which aerodynamic heating was obtained. Thus,
laminar flow was obtained for values of Rg as high as 162 at a time

when the ratio of wall temperature to total temperature (assuming that
specific heat was constant) was about 0.1.

It can elso be noted that, in general, the experimental heating rates
on the face incressed more rapldly than the predicted stagnation heating
rate as the free-stream Reynolds number increased from 10.8 x 10
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(t = 109.0 seconds) to 15.40 x 10P per foot (t = 110.2 seconds); whereas
the Mach number remained relstively constant, and increassed from 10.50
to only 10.92.

The veristion with location of the ratio of local serodyansmic-
heating rates to the theoretical stagnation-point heating rates (ref. 11)
for temperature meassuring stations along the cylinder (fig. 17(b)) is
very irregular (even shows negative rates) near the corner. (The
conduction-correction values here are admittedly inaccurate.) Downstream
of the corner (x/R > 1.4), the heating rates become less erratic and, when
compared with calculated heating rates based on laminer and turbulent fiow,
show better sgreement with the values for laminer flow. Experlimental
values presented In figure l"{(b) for the temperature meassuring station at
x/R = 2.580 "do not include conduction corrections since no wall tempera-
tures were measured downstream of this station. Conduction effects at
this statlon should, however, be simllar to those for the two stations
Immedistely upstream: namely, smell or negligible. Theoretical values
on the cylindrical sides were calculated by using the leminar flat-plate
theory of reference 15 and Ven Driest's turbulent flat-plate theory as
presented in reference 16 and modified by the Reynolds anaslogy relation

NS't = 0 -6Cf

. as suggested in reference 17. Local flow conditions were caiculated by

assuming that the pressure along the cylinder was equal to the free-
stream ambient pressure and that the flow adjacent to the boundery leyer
had passed through a normal shock. The local viscosity was evaluated at
the local temperature by the Sutherlend relation; the recovery factors

N’Prl/2 end ‘fol/3 for leminer and turbulent flow, reépectively, were
based upon the outside wall temperature; and the Reynolds number was based
upon the distance from the stasgnation point.

The values of the ratio of local one-dimensional heating rates to
the one-dimensionsl hesting rate st thermocouple 1 (near the nominal
stagnastion point) are presented in figure 18. The data are presented in
this manner to show that, for this nose shepe and for the conditions of
the test, the heating was reletively uniform across the front face and
the effect of conduction through end along the skin kept the heating rates
at the corner relatively low instead of high as predicted by theory.

This same effect is epparent in the temperature distribution presented in
figure 13. Relleving effects of this nature could be of importance in
the practicel design of a missile nose.
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CONCLUDING REMARKS

Tempersture meassurements have been mede at 16 stations on the inside
of a flat-faced cylinder that was tested on a rocket-propelled model up
to a maximum Mach number of 10.9 at an altitude of 49,300 feet." The model
flew along a reentry-type trajectory at nearly zero engle of attack during
the high Mach number portion of the test.

Maximum temperstures of 1,085° F and 820° F were measured inside the
flat face and the cylindrical sides, respectively, of the copper nose at
the end of the test. Aerodynemic-heating rates derived from a one-~
dimensionel snalysis of the temperature measurements and corrected for
lateral-conduction effects reached a maximum value of about
495 Btu/(sec)(sq ft) on the flat face (near the corner) and less than
170 Btu/(sec)(sq ft) on the cylindrical sides.

Experimental serodynamic-heating rates near the center of the flat
face, though generally lower, varied about the same as that predicted
by a theory for equilibrium-dissociated laminar flow as the Mach number
increased. Also, the variatlon of the experimental heating rates across
the flat face was about the same as that predicted by theory at a Mach
number of 1l.5; that is, the heating rate at the temperature measuring

statlon nearest the corner was almost 1% times the heating raete at the

center of the flat face. On the cylindrical sldes of the nose, well
downstream of the corner, the heating rates were low and appeared to
agree feirly well with theoretical velues for laminar flow.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., November 12, 1957.
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TABLE I

CHARACTERISTICS OF ROCKET MOTORS USED IN TEST

Stage Motor Propellant Motor Steage Combinetion Average Burning
designatlon |[weight, 1b | weight, 1b | weight, 1b | weight, 1b thmzm)‘. » 1b tim? ,)sec
a8 a
1 M6 JATO 2,050.0 3,87k 4,200 7,177 83,300 b4
"Honest Joumn"
2 M5 JATO 740.0 1,180 1,312 3,077 15,000 3.10
"Nixe"
% M;NJATQ Th0.0 1,180 1,298 1,765 45,000 3.10
L 6k 268.0 355 388 467 4,640 1.5
"Recrutt"
5 5 3%.6 4o 79 T9 4,360 1.6

®Data from menufscturer's specifications.
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TAELE II —

PATRED MFASURED TEMPERATURE VALUES

. Temperature, °!‘, at atation ~ —— e
sec 1 2 3 La by ke ha 5 6 7 8 9 10 s

b | 12 |13 |k
) | {0
102.0 1851 1831 195 185 | 188 179 | 188 ) 188 | 180 | 178 271 | 269 | 168 | 16% | 159 | 165| 86{ 9@
101.2 .| 186 185 | 194 | 18T | 189 ( 183 { 189 | 190 { 183 | 280 | 174 { 172 | 168 | 265 | 160" 8| 90
101.k 190 | 188 [ 195 | 190 | 191 | 186 | 190 | 192 ]| 185 | 182 | 176 | 172 | 168 { 166.[ 161 861 %0
101.6 19k | 192 [ 297 | 195 | sk | 189 | 295 | 195 | 188 ) 185 | 178 | 273 | 168 | 167 | 162 | 165| 86| 0
101.8 197 | 196 | 199 | 196 | 196 | 193 | 195 | 197 [ 190 | 188 | 180 | 175 | 269 | 167 | 161 | 166] 86| %0
102.0 200 | 200 | 202 | 200 1 200| 197 | 298| 200 | 195 | 190 | 183 | 177 | 170 | 168 | 162 | 167] 86| %0
102.2 204 | 20k | 205 | 20k | 20k | 200 | 201 | 20% | 196 | 192.| 285 | 178 | 173 | 169 | 163 | 168| 86| 90
102.k 207 | 208 | 209 | 208 | 20T} 20% | 205 | 207 | 198 | 195 } 187 | 180 | 172 | 170 igf 168 86| 90
102.6 211 | 212 [ 213 | 211 [ 210} 208 [ 208 | 210 { 202 | 297 | 189 | 181 | 171 | 171 86| g0
102.8 215 | 215 | 215 { 215 | 21k | 212 | 212 | 22k { 20k [ 199 | 192 | 183 { 172 | 172 | 165 | 10| 86| 0
103.0 218 (219 | 219 | 219 ( 218} 225 | 215 | 217 [ 207 | 203 | 193 | 183 | 172 | 172 | 266 | 17| 86 %0
103.2 221 | 223 | 223 | 225 | 221 | 218 | 219 | 221 | 210 | 205 | 195 1 1 167 | 112| 86] %0
2034 225 2a7 | 227 | 225 | 221 | 2235 | 225 | 212 | 207 | 196 | 187 | 1 1 168 | 172| 86( %0
103.6 229 | 230 | 230 [*230 | 229 | 225 228 | 215 | 210 [ 200 | 189 | 175 | 175 | 270 | 273 86| %0
103.8 232 | 233 | 235 | 234 | 233 | 229 [ 230 f 233 | 27| 223 | 203 | 91 | 177 | 175 | 172 | 1T#| 86| 90
104.0 235 [ 237 | 257 | 238 | 236 ) 232 | 234 | 237 | 220 | 215 | 205 | 192 | 178 | 176 | 172 | 175| 86| 90
10k.2 2 240 | 242 | 2k2 | 250 | 235 | 237 | 240 | 225 | 247 [ 207 | 19k | B0 | 177 | XT3 | 1761 86| 90
10k 24l | 245 | 247 [ 245 | 2hh | 239 [ 21 | 244 | 226 | 220 | 209 | 195 | 182 | 178 | 175 | 1T7| 86| 90
104.6 248 | 249 | 249 | 2kg | 247 | 243 | 2u5 | 248 | 228 | 228 | 22 | 197 | 183 | 179 | 176 | 177( 86| %0
104.8 252 | 25k | 235 | 253 | 251 | 246 | 248 | 252 | 231 | 225 | 234 | 199.| 185 | 279 | 177 | 178| 86| 0
105.0 256 | 257 | 256 | 256 | 254 | 2ho | 253 [ 255 | 234 | 228 | 216 | 200 | 187 | 181 | 179 | 179| 86] 90
105.2 260 | 260 | 260 | 260 | 258 | 253 | 255 | 259 | 237 | 230 | 218 | 202 | 186 | 181 | 180 | 180| 86| 90
105.4 265 | 265 | 265 | 264 | 262 | 237 g{ 263 | 240 | 233 { 221 | 203 | 150 | 182 | 181 | 181] 86| %0
105.6 269 | 269 | 269 | 268 | 266 | 260 268 | 243 | 255 | 225 | 205 | 192 | 185 | 182 | 182 86| %0
105.8 a3 el | a3 | 212 [ 270 | 264 | 268 | 272 | 245 | 257 | 225 | 206 | 193 [ 284 | 183 | 183| 86] 90
106.0 215 | 217 | 2% 268 | 272 { 276 | 248 | 2k0 | 227 | 2080 | 195 | 28k | 18% | 183] 86| 90
106.2 279 {278 | 280 {278 [ 278t 270 | 275 | 279 | 251 | 243 | 229 | 210 | 197 | 185 | 185 86| 90
2065 282 } 28k | 281 | 282 | 273 | 277 | 285 | 254 | 245 | 233 196 } 186 | 187 | 185] 86} 90
106.6 285 | 285 | 286 | 283 | 285 | 275 | 260 | 285 | 237 | 247 | 235 | 21k | 200 [ 187 | 188 | 185] 86] 90
206.8 287 287 | 285 | 288 | 277 | 284 | 288 | 261 | 249 | 239 202 | 188 | 150 861 90
107.0 290 | 2088 | 288 | 287 | 291} 279 [ 286 | 289 | 265 | 251 | 242 | 227 | 2ok | 289 | 192 | 188 87| 90
207.2 293 [ 292 | 292 | 290 | 294 | 283 | 288 | 2ag2 | 270 | 255 | 245 | 219 | 206 | 290 | 193 | 290 87|
1074 299 [ 299 | 298 [ 295 | 302 | 290 | 295 | 294 gg 25h | 247 | 221 | 208 | 191 | 196 | 193] 87 %
107.6 310 | 308 | 309 313 | 301 | 30k | 298 2571250 | 224 | 211 | 295 | 198 | 196} BT| 90
107.8 325 | 325 | 326 | 316 | 326 | 316 | 315 | 313 | 297 | 263 | =5k | 226 | 21k | 195 | 202 | 200| 87 90
(4}
108.0 346 346 | 332 | 341 | 339 | 330 | 337 | 313 | 269 | 257 218 | 198 { 203 | 20k [ 87| 0
108.2 378 | 367 | 370 | 35 | 362 9 368 | 332 gﬁ 234 | 22k | 204 | 111 | 20 87| 2
108.4% 3% Loi [ 389 | 389 | ko7 | 388 | 4ok | 357 238 | 232 | 211 | 2235 | 227[ 88 ¢
108.6 kot | hoy | 438 | 431 | k2B | 453 | k30 | 450 ikgz 321 | 289 | 248 | 239 | 220 | 239 8} s
108.8 y67 | W67 | 483 | 482 | 480 481 | 499 1| 358 | 285 | 263 | 2ho | 23k | 259 | 237| %] 99
109.0 515 | 515 | 53k | 543 | 545 | 569 | Sk2 | 557 413 | 317 | 282 | 262 | 252 | 285 | 251 ) Sk r23
109.2 | 568 | 67 { 593 | 610 638 | 611 568 | 469 304 | 278 | 273 | 313 [ 270( 97180
209.k 628 | 628 | 657 | 682 | 690 | TOg | 683 528 | 398 ) 327 | 299 [ 295 | 3hko | 201 107|245
109.6 694 | 6935 | T2k | BT 764 | 783 | T | T75 | Tk [ 590 [ 439 | 3%% | 323 | 318 | 367 [ 31 {12k [515
109.8 T8k | 59 [ T98 | 833 | 638 | 856 | 832 | 853 | T95 { 652 | 483 | 384 | 348 | 31 [ 395 | 333 [146 [38k
110.0 837 1835 |87 | 909 |91k | 932 | 908 | 935 | 837 | Tk | 527 | k17 | 373 | 36k | 423 | 354 pTOfuSh
110.2.. | 915 [ 917 | 954 | 98T | 992 {1008 [ 984 [1020 § 953 | TTT | 5TL | 450 | koo | 387 | U535 | 376 196 (525
Massured
‘thickness, . .
in. .+ o o 0.201]0.199[0.198 j0.198 j0,197]0.200]0.200[0.197|0.196 0,153 (0,153 0,152 [0.131 [0.130 |0, 1290, 125 mmm =

*:'I‘empemtures on pipes support. .
Temperature not measured during this interval, except at station 1. - - —_
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Figure 2.- Bketch of nose showlhg temperature measuring ststions. All dimensions are in inches.
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Flgure 3.- Photograph of nose.
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Figure 5.- Photograph of model and four booster stages leaving the
launcher.
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Flgure 12.- Continued.
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Figure 12.- Concluded.
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Figure 1L.- Variation of meesured temperature and one-dimensional

heating rates with time at four locations on the flat nose equi- B
dlstance from the center.
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Figure 15.- Variation of measured temperatures and one-dimensional heating rates with time at
two locations on the cylinder equidistant from the center of the flat nose.
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Figure 16.- Comperison of measured and theoretilcs)l aserodynamic-heating rates at the center of
the flat nose (nominal stagnation point).
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Figure 18.- Distribution over the nose of measured heating retes (with
only one-dimensional heat flow considered) as ratios of local rates
to rates at station 1.
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